Abstract-Frequency dependences of the field for constant angle of observation measured by different probes at different distances are discussed. We consider the case of the square aperture antenna with the uniform field distribution. The analysis is based on timedomain physical optics method of field calculation. We show and explain the effect of sidelobe reduction when a big square probe is placed at a finite distance from square aperture antenna. Errors of the sidelobe levels of the antenna radiation pattern (ARP) in the cases of different sizes of the probe placed at different distances are shown. We show an optimal probe size and an optimal measurement distance between antennas. We also show and explain the effect of a large distortion of the ARP first zero, measured by the big probe at the finite distance.
I. INTRODUCTION
T HE far-field distance criterion R 0 = 2D 2 a /λ is well known. This criterion assumes small dimensions of the probe antenna, and it is valid only for uniform field distribution over the aperture. Therefore, for small probes, it was recognized that the antennas with low sidelobe levels may require a longer measurement distance [1] , [2] . In practical measurements, to increase signal level, it is reasonable to use a probe antenna having comparable aperture with the measured antenna. In this case, by analogy with the case of a small probe, the criterion
2 /λ is generally used [3] . Here, D a and D b are the diameters of the antenna under test and the probe antenna, respectively. However, it was shown in [4] that the range distance criterion R 0 = 2D 2 a /λ may apply for big probes. Later, it was recognized that a large probe antenna yields a result closer to the far-field pattern at any range distance in the near zone compared with the results obtained by the small probe antenna [5] . More general kinds of aperture distributions when the measured and probe antennas have the same order of large dimensions were investigated in [6] . It was shown that the error of first sidelobe level obtained from large antenna is always smaller not only for any range distance but also for any aperture distribution than the error obtained from the small antenna. Gain reduction on measurement of distance and on sizes of test and probe antennas was discussed in [7] for linear antenna with uniform field distribution. It was shown that the gain error increases uneventfully as both the function of the size of the aperture probe and the reduction of the distance between antennas. The optimal size of the aperture probe with respect to the acceptable small errors of antenna gain was found. It was shown that the optimal relation β = D a /D b is about ∼0. 4 . Moreover, the well-known far-field distance R 0 = 2D 2 a /λ can be reduced by two times when errors of the antenna gain are (Δ |F R | < 5%-7%). It was noted that when b is optimal, the errors in determining of the sidelobe levels are also small and do not exceed 0.5 dB.
Despite the long historical background, a choice of criterion for the minimum distance taking into account the size of the probe antenna has not been finally elucidated. In this letter, we consider the case of square aperture antennas with uniform field distribution. Time-domain physical optics method [8] - [10] is used for transient field or the so-called pulse radiating characteristics (PRC) calculation at the output of small and big probe antennas. This method allows obtaining analytic form results for PRC for all observation points in the half-space in front of the aperture, which are presented in inverse trigonometric functions. The PRC in the physical sense represents antenna field if each element of the aperture radiates a δ-pulse at the time moment t = 0. Frequency-domain field was determined as the result of the Fourier transform of the PRC.
In contrast to [7] : 1) we consider the transformation of the PRC spectrum depending on the distance for constant observation angle and for small and aperture probe antennas and show that there is some optimal value of the probe size for a given frequency; and 2) note that the large distortion of the antenna radiation pattern (ARP), measured by the aperture probe, appears in a small sector of angles when one part of the aperture probe is placed in the range of projector beam of antenna under test, and the other part is placed outside it.
II. METHOD AND RESULTS
To calculate the impulse response of the aperture, we use formulas derived in [8] . Validity of such approach is described 1536-1225 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. in [9] . For example, we write the expression for PRC of the rectangular-aperture field inside of the projector area as follows:
where c is the speed of light; x, y, and z are the rectangular coordinates; m = 1, 2, 3, 4 is the number of the aperture boundary; l m is the distance from the observation point to the aperture boundary with number m; i is the number of the half-plane determined by the normal from the observation-point projection onto the aperture plane to the aperture boundary with number m, where i = 1 and i = 2 denote the left-and the right-hand halfplanes, respectively; and d i is the distance from the observationpoint projection onto the aperture plane to the aperture angles determined by the boundary with number m and located in the left-hand (d 1 ) and right-hand (d 2 ) half-planes (see Fig. 1 ). Here, we ignore the directional pattern of the aperture element. The signal U ( r, t) at the probe output (see Fig. 2 ) we assume proportional to the convolution of the antenna input waveform S 0 (t) and integral over the probe aperture S b from the components of the incident field E parallel to the orientation of the current i 0 in the aperture of the probe
where
It is obvious when changing the distance from the point of observation changes not only the spatial configuration of the field, but also its spectral composition (relative to the spectrum of the excitation signal). Actually for PRC (1), the concept of far-zone does not exist. PRC, corresponding to a far-field antenna pattern, is obtained only when strictly R → ∞. Correct consideration of the far-zone criteria in this case should be based on the operating frequency band, namely, the upper frequency limit ω max .
First of all, consider the transformation of the PRC spectrum depending on the distance [angle θ = 5
• , Fig. 3(a) for the point probe antenna and Fig. 3(b) for the aperture probe antenna]. In Fig. 3 , all the PRC spectra presented depending on dimensionless frequency ν = ωD a /2πc, where D a = 2L = 2W -size of the antenna under test. L is half the length, and W is half the width of the aperture; ω = 2π/λ, and c is the speed of light. The wavelength range was from λ min = 0.01D a to λ max = 0.1D a . It has been seen from Fig. 3(a) that spectral level measured by the point probe is above the true. In contrast the measurements using the aperture probe give underestimated level [see Fig. 3(b) ]. It follows that there is some optimal value of the probe size for a given frequency. Fig. 3(c) shows the PRC spectra for different probe sizes at θ = 5
• at the distance between antennas R = 500 m. It is seen that probe with an aperture size equal to half the size of the antenna aperture at low dimensionless frequencies ν gives almost accurate result. However, at high frequencies ν and fixed distance, such probe gives large errors. This is because for large frequencies ν, the distance R = 500 m is much less than the criterion R 0 . Therefore, the determination of the optimal ratio between the size of the measured aperture and the probe for the whole operating range of frequencies should be carried out at a relative distance R ∼ 1/λ ∼ K * R 0 , where K * is a real coefficient. For such definition of the distance between the antennas, R will be fair throughout the range of operating frequencies. Fig. 4(a) shows angular dependencies of the field measured by the point probe (length of the aperture 2L = 20 m, width 2W = 20 m, R 0 = 8L 2 /λ = 800 m). Fig. 4(b) shows the angular dependencies of the field when antenna and probe are equal. It is seen that in the case of the point probe when reducing the distance between the antennas, the level of sidelobes grows. In the case when the probe and the measured antenna have the same sizes, when reducing the distance between the antennas, the levels of sidelobes fall. This effect can easily be explained from the analysis of the PRC. Fig. 4(c) shows the PRC of the square aperture in the case of a point probe (c) and the case when the probe and the measured antenna have the same sizes (d). Here, θ = 10
• , and L Z is half the length of the aperture probe. As one can see from these figures, the PRC form of rectangular aperture at a large distance in the selected direction is close to rectangular. When reducing the distance, upper plateau is sloping and the steepness of the front and rear edges turns a little smaller. Sloping upper plateau leads to an increase in high-frequency components of the spectrum and, consequently, increases the level of ARP sidelobes, measured by a small probe. In the case of the aperture probe at a finite distance, both resulting PRC edges are flatter compared to the small probe at the same distance [compare Fig. 4(c)  and (d) ].
The PRC of the aperture probe is obtained as a sum of the PRC of point probes located at each point of the aperture of the probe. In the sidelobe direction, the points of the aperture of the probe are located at different distances from the antenna under test (see Fig. 2 ). This results in an increase of the durations of the leading and rear edges of the resulting PRC.
Herewith, high-frequency components of the PRC spectrum in the directions of the sidelobes are decreased.
The shape of the leading edge in the direction of the boresight (in the aperture projector area) is always a short step regardless of shape and size of the probe (see [7] for details). These lead to the levels of ARP sidelobes measured by aperture probe being reduced. Since the antenna pattern is normalized with respect to its maximum value, the flat PRC fronts of the big probe reduce sidelobe levels in comparison to the steep PRC edges of the point probe.
Fig . 5 shows the dependencies of the error on the peak of first sidelobe in the cases of different probe sizes placed at different distances. It can be seen that the most optimal case is when the probe is two times less than the measured antenna. Note that the calculated errors on the peaks of other sidelobes are smaller than on the peak of the first sidelobe. Fig. 6 shows the far-field ARP of a rectangular antenna and the ARP obtained by the optimal probe antenna with size L Z = L/2 placed at optimal distance of R = R 0 /2. The error on the peak of the first sidelobe is smaller than 0.6 dB.
Note that the large distortion of the ARP, measured by the aperture probe, appears in a small sector of angles when one part of the aperture probe is placed in the range of projector beam of antenna under test, and the other part is placed outside it. This is due to the significant difference of PRC forms and their delays within the projector area and beyond (see [9] for detail). We can see this effect in Fig. 6 , where the maximal errors are close to the direction of ARP first zero. Note that this small sector of angles is always placed close to the first zero of ARP. In some cases of the aperture probe, the first zero of ARP may disappear.
III. CONCLUSION
We showed that increasing the durations of the leading and rear edges of the resulting PRC at the output of the big probe are the reasons for decreasing of high-frequency components of the PRC spectrum and reducing the levels of ARP sidelobes, measured by the square probe.
It is shown that the well-known far-field distance criterion R 0 = 2D 2 a /λ can be reduced by two times and the optimal size of the aperture probe for the case of square antenna with uniform field distribution is about L Z ≈ L/2. Note that for the case of linear antenna with uniform field distribution [7] , the optimal L Z was 20% less (L Z ≈ 0.4L). The value L Z ≈ L/2 is not so critical, and in many practical cases can be changed to 10%-30%, without reducing any precision.
It is believed that near-and far-field distributions are functions of largest antennas' dimension and wavelength. It is correct for the field distributions decreasing to the edges of the aperture because they remove the influence of the edges of the aperture. For uniform and other distributions with high-field amplitude at the edges of the aperture, the interaction of the PRC fronts influences the distribution of the monochromatic field. Moreover, when we measure ARP by a big probe at a finite distance, we should also consider the effect of a large distortion of the ARP close to the first zero. The understanding of these effects makes it possible to simplify the requirements for ARP measurements.
